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National Research Council of Canada, Montréal, Québec, Canada2; and Department of Anatomy and Cell Biology,

McGill University, Montréal, Québec, Canada3
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The polymorphic yeast Candida albicans exists in yeast and filamentous forms. Given that the morphogenetic
switch coincides with the expression of many virulence factors, the yeast-to-hypha transition constitutes an
attractive target for the development of new antifungal agents. Since an untapped therapeutic potential resides
in small molecules that hinder C. albicans filamentation, we characterized the inhibitory effect of conjugated
linoleic acid (CLA) on hyphal growth and addressed its mechanism of action. CLA inhibited hyphal growth in
a dose-dependent fashion in both liquid and solid hypha-inducing media. The fatty acid blocked germ tube
formation without affecting cellular growth rates. Global transcriptional profiling revealed that CLA down-
regulated the expression of hypha-specific genes and abrogated the induction of several regulators of hyphal
growth, including TEC1, UME6, RFG1, and RAS1. However, neither UME6 nor RFG1 was necessary for
CLA-mediated hyphal growth inhibition. Expression analysis showed that the downregulation of TEC1 expres-
sion levels by CLA depended on RAS1. In addition, while RAS1 transcript levels remained constant in
CLA-treated cells, its protein levels declined with time. With the use of a strain expressing GFP-Ras1p, CLA
treatment was also shown to affect Ras1p localization to the plasma membrane. These findings suggest that
CLA inhibits hyphal growth by affecting the cellular localization of Ras1p and blocking the increase in RAS1
mRNA and protein levels. Combined, these effects should prevent the induction of the Ras1p signaling
pathway. This study provides the biological and molecular explanations that underlie CLA’s ability to inhibit
hyphal growth in C. albicans.

Over the past decades, opportunistic fungal infections have
gained importance among hospital-acquired infections due to
a growing community of individuals immunocompromised by
HIV infection, cancer treatment, or organ transplantation
(74). The opportunistic pathogen Candida albicans, a member
of the normal human microbiota, inhabits the gastrointestinal
and genitourinary tracts, mucous membranes, and skin. It is
responsible for various forms of diseases, ranging from super-
ficial infections of mucosal surfaces to severe, life-threatening
systemic infections that largely depend on a host’s physical and
physiological conditions. C. albicans is the fourth leading cause
of nosocomial infections and the most common fungal species
causing bloodstream infections, with associated mortality rates
of 38 to 49% (27, 70, 87). Treatment of such infections is
complicated by a limited number of antifungal drugs, many of
which have adverse side effects, and by emerging resistance to
all clinically useful antifungals.

The success of C. albicans as a pathogen stems from its
ability to deploy a full armada of activities that contribute to its
virulence, including the production of proteases, adhesins, and

phospholipases as well as its ability to switch morphologically
and phenotypically (11, 48). The most studied morphological
switch, the yeast-to-hypha transition, is induced by a variety of
environmental cues, including elevated temperature, neutral
or alkaline pH, nitrogen and/or carbon starvation, and growth
in serum (30). A complex network of signaling pathways reg-
ulates hyphal growth (4, 12, 85), among which the Ras1p-cyclic
AMP (cAMP)-protein kinase A (PKA) and the mitogen-acti-
vated protein (MAP) kinase pathways play major roles. Both
cascades are controlled by the small GTPase Ras1p (53).
Membrane-bound, Ras1p binds the Ras association domain of
the adenylate cyclase Cyr1p, thereby stimulating the cyclization
of ATP into cAMP (31). Upon binding cAMP, the regulatory
subunit of PKA Bcy1p releases the catalytic subunits Tpk1p
and Tpk2p, thereby activating PKA (16). The transcription
factor Efg1p is a downstream target of PKA (5, 81). Ras1p also
impinges on the MAP kinase pathway, downstream of which
lies the transcription factor Cph1p (55). Other transcription
factors involved in hyphal growth include Tec1p, Flo8p,
Cph2p, Ume6p, Rim101p, and Czf1p (1, 13, 14, 22, 50, 51, 76,
88). Hyphal growth is negatively controlled by the general
repressor Tup1p in association with the DNA-binding proteins
Nrg1p and Rfg1p (8, 10, 42, 59). Activation of these signal
transduction cascades modulates the expression of hypha-spe-
cific genes, many of which are involved in virulence (4, 12).

Although it has recently been demonstrated that the yeast-
to-hypha transition is not always required for infectivity in
systemic candidiasis (65), it is generally accepted that hyphal
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growth is critical for virulence in various types of C. albicans
infections. Several lines of evidence link the yeast-to-hypha
transition to pathogenicity, the first being that mutants locked
in either yeast (cph1/cph1, efg1/efg1, and hgc1/hgc1) or filamen-
tous (tup1/tup1 and nrg1/nrg1) forms are avirulent in systemic
candidiasis (7, 56, 59, 89). Filamentation is required for C.
albicans to evade phagocytes and escape from blood vessels
(57, 71). Colonization of medical devices by biofilms depends
on hyphal development and the expression of hypha-specific
gene products (64). In parallel, using C. albicans strains in
which hyphal growth can be manipulated externally, several
groups have shown that inhibiting filamentation is a means by
which virulence may be attenuated during systemic candidiasis
(15, 75). Moreover, small molecules that block filamentation
have been shown to exert a protective effect in mucosal can-
didiasis (36) and to reduce C. albicans-induced damage to
endothelial cells (83). Not only do these findings demonstrate
an association between filamentation and virulence in C. albi-
cans, but they also suggest that the yeast-to-hypha transition
may constitute a therapeutic target.

We recently isolated fatty acids from bovine whey that had
the ability to inhibit germ tube formation in C. albicans (19).
Given that the inability to switch to a hyphal form reduces the
virulence potential of C. albicans, we characterized the inhib-
itory effect of conjugated linoleic acid (CLA) on hyphal growth
and investigated its mechanism of action. We demonstrate that
CLA inhibits hyphal development in a dose-dependent fashion
in both liquid- and solid-inducing media. Global gene expres-
sion analysis reveals that CLA affects the expression of hypha-
specific genes and of several morphogenesis regulators, includ-
ing RAS1, TEC1, and UME6. We show that Ras1p is required
for CLA to downregulate TEC1 expression levels. We demon-
strate that in the presence of CLA, Ras1p cellular levels de-
crease. In addition, CLA causes the delocalization of Ras1p
from the plasma membrane. These findings suggest that CLA
inhibits hyphal growth in C. albicans by affecting Ras1p signal-

ing and downregulating the expression of downstream targets,
including TEC1 and UME6.

MATERIALS AND METHODS

Strains and growth conditions. The yeast strains used in this study are listed
in Table 1. Strains were streaked out onto YPD plates (1% yeast extract, 2%
peptone, 2% dextrose, 2% Bacto agar) and grown at 30°C for 24 to 48 h. In all
of the experiments performed, strains were propagated overnight in YPD at 30°C
to an optical density at 600 nm (OD600) of �12 to 14. Hyphal inductions were
performed at 37°C on solid and in liquid media, using Spider (55), Lee’s (54), and
buffered alkaline (pH 8.0) M199 (Wisent) media. Media were solidified with 2%
Bacto agar (Oxoid). When necessary, media were supplemented with uridine (50
�g ml�1). Conjugated linoleic acid (CLA) (Cayman Chemicals) was diluted in
ethanol as a 1,000� stock and added to media in concentrations ranging from 0
to 250 �M. Ethanol was used as drug vehicle (final concentration, �0.5%).

Hyphal growth assays in liquid and on solid media. To quantify the inhibitory
effect of CLA on C. albicans hyphal growth, �-galactosidase activity was mea-
sured using the C. albicans reporter strain ZK3379, in which lacZ is under the
control of the hypha-specific HWP1 promoter (38). Briefly, cells from an over-
night culture were washed in sterile distilled water and diluted to 1 � 106 cells
ml�1 in prewarmed medium. Twenty-four-well polystyrene microplates (Costar
3526; Corning, NY) were seeded with 1 ml of inoculated medium per well.
Working solutions of CLA were freshly prepared and added immediately to
seeded wells in volumes of 5 �l, yielding final concentrations ranging from 0 to
50 �M. Microplates were incubated statically in a water bath set to 37°C for 4 h.
�-Galactosidase activity was quantified as described previously (47). Data are
represented as the means and standard deviations of results from replicate assays
performed on three independent days. To assess the effect of CLA on colony
morphology, C. albicans cells from an overnight culture were washed in sterile
distilled water and spread (ca. 100 colonies per plate) on plates of solidified
medium supplemented with ethanol or CLA (100 �M). Plates were incubated at
37°C for 3 to 4 days and photographed using a Leica MZ FLIII fluorescence
stereomicroscope mounted with a Micropublisher camera. To examine the effect
of CLA on hyphal growth of C. albicans wild-type and mutant strains, cells from
an overnight culture were washed in sterile distilled water and diluted to a
concentration of 1 � 106 cells ml�1 in prewarmed Spider medium supplemented
with ethanol or CLA (25 �M). Flasks were shaken at 150 rpm at 37°C. Aliquots
of cells were harvested at various time points, fixed with 3.7% formaldehyde for
30 min at room temperature, washed twice with 1� phosphate-buffered saline
(PBS), and visualized by differential interference contrast (DIC) microscopy
using an upright Nikon microscope with a 100� immersion oil objective and a
10� projection lens mounted with a Nikon DXM1200F digital camera. To

TABLE 1. Candida albicans strains used in this study

Strain Parent Genotype Reference

SC5314 Candida albicans wild-type clinical isolate 33
CAI4 ura3::�imm434/ura3::�imm434 32
ZK3379 CAI4 HWP1-lacZ-URA3 38
MRC6 CAI4 fox2::hisG/fox2::hisG RPS10/rps10::URA3 72
MRC10 CAI4 icl1::hisG/icl1::hisG RPS10/rps10::URA3 72
HLC52 CAI4 efg1::hisG/efg1::hisG-URA3-hisG 56
CDH107 CAI4 ras1::hisG/ras1::hisG-URA3-hisG 53
BCa2-10 CAI4 tup1::hisG/tup1::hisG-URA3-hisG 8
BCa23-3 CAI4 nrg1::hisG/nrg1::hisG-URA3-hisG 10
DK129 CAI4 rfg1::hisG/rfg1::hisG-URA3-hisG 42
IIHB6 CAI4 tpk1::hisG/tpk1::hisG-URA3-hisG 6
TPO7.4 CAI4 tpk2::hisG/tpk2::hisG-URA3-hisG 80
WY-ZXD3 CAI4 RAS1/GFP-RAS1-hisG-URA3-hisG 90
RM1000 ura3::�imm434/ura3::�imm434 his1::hisG/his1::hisG 62
MRC41 RM1000 ctf1::HIS1/ctf1::hisG RPS10/rps10::URA3 73
BWP17 ura3::�imm434/ura3::�imm434 arg4::hisG/arg4::hisG his1::hisG/his1::hisG 86
CJN308 BWP17 tec1::Tn7-UAU1/tec1::Tn7-URA3 63
SN95 ura3::�imm434/URA3 iro1::�imm434/IRO1 arg4/arg4 his1/his1 66
SN152 SN95 ura3::�imm434/URA3 iro1::�imm434/IRO1 arg4/arg4 leu2/leu2 his1/his1 66
DK318 SN95 arg4::ARG4/arg4 his1::HIS1/his1 1
DK312 SN152 arg4::ARG4/arg4 leu2/leu2 his1/his1 ume6:: C.m.LEU2/ume6::C.d.HIS1 1
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distinguish hyphae from pseudohyphae, fixed cells were washed twice in water,
stained for 5 min with 4�-6�diamidino-2-phenyl-indole (DAPI; 1 mg ml�1) di-
luted 1:1,000 and calcofluor white (1 mg ml�1) diluted 1:10, examined micro-
scopically using epifluorescence, and classified according to the criteria of Sud-
bery et al. (82). To ensure that CLA treatment did not compromise cellular
growth rates, growth curves were generated. SC5314 cells from an overnight
culture were diluted to 1 � 106 cells ml�1 in Spider medium supplemented with
ethanol or CLA (25 �M). Flasks were shaken at 150 rpm at 30°C. OD600 was
measured every hour for 7 h. Data are means and standard deviations of results
from duplicate biological samples. The effect of CLA (250 �M) on cellular
growth rates in YPD at 30°C was assessed similarly.

Gene expression profiling. SC5314 cells grown overnight in YPD at 30°C were
washed in sterile distilled water and diluted to 5 � 106 cells ml�1 (OD600 of 0.1)
in Spider medium supplemented with ethanol or CLA (100 �M). Cultures were
shaken at 150 rpm at either 30°C or 37°C for 90 min. Cells were collected by
vacuum filtration on 0.45-�m membrane filters (MF-Millipore membrane filters)
and frozen in an ethanol bath at �80°C. Total RNA was isolated from quadru-
plicate independent biological samples using an RNeasy minikit (Qiagen).
Briefly, frozen cells were thawed out in RNeasy buffer RLT at a ratio of 3:1
(vol/vol) buffer/pellet. Resuspended cells were divided into 1-ml aliquots in 2-ml
screw-cap microcentrifuge tubes containing 0.6 ml of 0.5-mm-diameter acid-
washed glass beads. Samples were homogenized 6 times, for 5 min each, in a
BeadBeater set at maximum speed. Lysates were kept on ice between each cycle.
Total RNA was extracted from homogenized samples according to the Qiagen
RNeasy protocol. For the two-color microarray experiments, RNA from cells
grown at 37°C or in the presence of CLA at 30°C or 37°C was compared to RNA
from cells grown at 30°C. Four biological replicates were used in each experi-
ment, which included two Cy3/Cy5 and two Cy5/Cy3 comparisons. cDNA label-
ing, microarray hybridization, washing, scanning, and statistical analysis methods
were essentially performed as described previously (77). In each comparison,
genes with statistically significant modulations were identified in volcano plots
using a 2.0-fold cutoff point and a Welsh t test with a false-discovery rate of less
than 5%.

Northern blot analysis. Cells were grown as described above for gene expres-
sion profiling. RNA was prepared using the hot-phenol method. Fifteen micro-
grams of total RNA was separated on 1.2% agarose-7.5% formaldehyde dena-
turing gels and transferred by capillary action to Hybond-N� nylon membranes
(GE Healthcare Life Sciences). Probes were generated by PCR amplification of
genomic DNA and purified using an Illustra GFX PCR DNA and gel band
purification kit (GE Healthcare Life Sciences). The sequences of the primers
used to generate all probes are listed in Table 2. Fifty nanograms of probe was
labeled by random priming using Ready-To-Go DNA labeling beads (GE
Healthcare Life Sciences) and [	-32P]dCTP. Unincorporated nucleotides were
removed using Sephadex G-50 columns. Blots were hybridized overnight and
washed at 65°C according to the method of Church and Gilbert (18), scanned
using a Molecular Dynamics Typhoon phosphorimager, and quantified with
ImageQuant software (version 5.0; Molecular Dynamics). Data are means and
standard deviations of results from duplicate biological samples.

qPCR analysis of C. albicans transcripts. For quantitative PCR (qPCR) anal-
ysis, C. albicans cells from an overnight culture were diluted to 1 � 106 cells ml�1

in Spider medium supplemented with ethanol or CLA (25 �M) and grown at
37°C. Cells were collected at various time points (0, 30, 60, and 90 min) by
vacuum filtration on 0.45-�m membrane filters (MF-Millipore membrane filters)

and frozen in an ethanol bath at �80°C. Total RNA was isolated from duplicate
independent biological samples for each condition and time point using the
hot-phenol method. RNA was resuspended in 50 to 200 �l diethyl pyrocarbon-
ate-treated water, quantified by a spectrophotometer (NanoDrop 2000; Thermo
Scientific), and stored at �80°C. RNA samples were DNase digested (rDNase I;
Ambion) and used as templates in qPCR amplification reactions to certify them
as DNA free. The lack of a PCR product indicated that samples were not
contaminated with genomic DNA. Five hundred nanograms of total RNA was
reverse transcribed using SuperScript II reverse transcriptase (Invitrogen) ac-
cording to the manufacturer’s instructions. Two cDNAs were synthesized for
each biological replicate. Quantitative PCR was carried out on a Rotor-Gene
6000 (Corbett Life Science). The primers were designed with PrimerQuest (Inte-
grated DNA Technologies) and are listed in Table 2. The qPCR mixtures contained
12.5 �l FastStart SYBR green master mix (Roche Applied Science), 8.5 �l Milli-Q
water, 200 nM each primer, and 1 �l cDNA product diluted 1:100, and the qPCRs
were performed in duplicates. Generally, the difference between two threshold cycle
(CT) values for the same sample was 
0.5. Relative expression levels were calculated
using the delta-delta CT method [2(CT for target condition � CT for ACT1 condition) �

(CT for target at time zero � CT for ACT1 at time zero)], in which the condition was either
ethanol or CLA treatment and ACT1 was the housekeeping gene.

Protein extraction and immunoblotting. Wild-type and tagged strains were
grown in Spider medium and harvested by following the same procedure as that
described above for gene expression profiling. Total protein extracts were pre-
pared using radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1% NP-40, 1% Na-deoxycholate [DOC], 0.1% SDS)
containing 1 mM phenylmethylsulfonyl fluoride and protease inhibitors (Com-
plete EDTA-free tablets [Roche Applied Science]). Total extracts (50 �g) were
resolved by SDS-PAGE (7.5%) and transferred to Hybond enhanced chemilu-
minescence (ECL) nitrocellulose membranes (GE Healthcare Life Sciences). To
detect green fluorescent protein (GFP)-Ras1p, mouse anti-GFP antibodies
(Roche Applied Science) (1:1,000 in Tris-buffered saline–Tween [TBS-T]–5%
nonfat milk) were used. Gsp1p protein levels, shown as a loading control, were
detected using rabbit anti-Gsp1p antibodies (3) (1:10,000 in TBS-T–5% nonfat
milk) overnight at 4°C. Signals were detected using Lumi-Light Western blotting
substrate (Roche Applied Science).

Microarray data accession number. Microarray data sets can be found at the
Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo/) under ac-
cession number GSE25822.

RESULTS

CLA inhibits hyphal growth in C. albicans in response to
various hypha-inducing conditions. Several fatty acids, includ-
ing conjugated linoleic acid (CLA), were recently shown to
inhibit Candida albicans germ tube formation in various hy-
pha-inducing liquid media (19). We first assessed the inhibitory
effect of CLA on hypha formation induced in different condi-
tions using the C. albicans reporter strain HWP1p-lacZ, in
which �-galactosidase activity reflects the amount of hyphal
growth in cultures (38). In Spider, Lee’s, and M199 (pH 8.0)
media, CLA inhibited hyphal growth in a dose-dependent fash-
ion, albeit to various extents (Fig. 1A). In all media, 50 �M of
the fatty acid reduced �-galactosidase activity by more than
80% compared to the level for ethanol-containing cultures,
confirming that the presence of CLA impeded filamentation.
In Spider medium supplemented with 25 �M CLA, cells grew
as yeasts and short pseudohyphae, reflecting reduced �-galac-
tosidase activity levels (Fig. 1A and B). CLA also disrupted
filamentation on solid media, being more effective in Spider
medium (Fig. 1C). However, hyphal growth inhibition by CLA
was medium dependent. For instance, in RPMI 1640 and
YPD-10% fetal bovine serum (FBS) liquid media, CLA inhib-
ited filamentation, but effective concentrations tended to be
higher (19; data not shown). In addition, CLA had no effect on
hyphal growth induced on solid YPD-10% FBS, synthetic low-
ammonia dextrase (SLAD), or yeast nitrogen base (YNB) sup-

TABLE 2. Primers used in this study

Primer Sequence (5�–3�)
Product

size
(bp)

qPCR ACT1F TCCAGAAGCTTTGTTCAGACCAGC 170
qPCR ACT1R TGCATACGTTCAGCAATACCTGGG
qPCR RAS1F GTTGTTGTTGGAGGTGGTGGTGTT 180
qPCR RAS1R GGCCAGATATTCTTCTTGTCCAGC
qPCR TUP1F CCAGCACCAACAACGTTTGACAGA 176
qPCR TUP1R TGGGCCAACTCCAAGTCATACACT
qPCR NRG1F TGGTGATTTACTGGCCAACTCCCT 180
qPCR NRG1R CATGTTGGCCATGGACATTGGTGT
ACT1F probe GTTGACCGAAGCTCCAATGAATCC 629
ACT1R probe TGCATACGTTCAGCAATACCTGGG
TEC1F probe GTTACCACCACGAGCACTGGC 486
TEC1R probe TGAAGGGTGTTGGCTATTATGCG
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plemented with N-acetylglucosamine or upon embedding of
cells in yeast extract-peptone (YP) medium (data not shown).

Other fatty acids, such as oleic, linoleic, and 	- and �-lin-
olenic acids also modulated hyphal growth in C. albicans. Lev-
els of �-galactosidase activity, as well as cellular and colony
morphology, indicated that all fatty acids, like CLA, interfered
to different extents with C. albicans hyphal growth induced
under various conditions (data not shown). In addition, fatty
acids, including CLA, inhibited filamentation in Candida tropi-
calis and C. dubliniensis (data not shown), in Aspergillus fu-
migatus, and in Fusarium graminearum (20; data not shown),
suggesting the response to fatty acids and to CLA may be
conserved among other fungi.

CLA impedes germ tube formation without affecting cellular
growth. With the use of the HWP1p-lacZ strain and �-galac-
tosidase quantification, CLA and other fatty acids were shown

to abrogate, delay, or decrease the induction of HWP1 pro-
moter activity, indirectly suggesting that hyphal growth was
impaired (Fig. 1A) (19). To assess which step of the yeast-to-
hypha transition was affected by CLA, we examined the mor-
phology of cells induced to filament in Spider medium in the
absence or presence of CLA. Untreated cells showed long
germ tubes and/or very short filaments and long hyphae at the
1- and 3-h time points, respectively. At the same time points,
most CLA-treated cells appeared as elongated yeasts or
showed elongating buds that resembled germ tubes (Fig. 2A).
With the use of the criteria established by Sudbery et al. (82),
cells were stained with DAPI and calcofluor white and classi-
fied as yeast, pseudohyphae, or germ tubes/hyphae. As seen in
Fig. 2B, 80 to 90% of untreated cells formed hyphae and
pseudohyphae over the 3-h time course. In contrast, the ma-
jority (70 to 80%) of cells grown in the presence of CLA
remained in the yeast form. While some CLA-treated cells did
initiate germ tube formation, elongating filaments were not
detected by the 3-h time point, indicating that these cells had
resumed pseudohyphal and yeast growth modes. These find-
ings suggest that CLA prevents germ tube formation and hy-
phal elongation from occurring. CLA also blocked hyphal
elongation in cells that were already engaged in the hyphal
growth program (data not shown).

C. albicans filamentation can be inhibited by cytotoxic or
cytostatic molecules (83). Since CLA interfered with hyphal
growth, we assessed whether cellular growth rates at 30°C in
Spider medium were affected by ethanol or CLA. Under these
conditions, germ tube formation is slightly induced at early
time points (Fig. 3A), but hyphal growth is not maintained and
cells eventually resume budding growth (data not shown). The
growth rates of untreated and CLA-treated cells were identi-
cal, suggesting that CLA does not inhibit hyphal growth by
exerting cytotoxic or cytostatic effects (Fig. 2C). Similar results
were obtained for yeast cells grown in the absence or presence
of CLA in YPD medium (data not shown).

Gene expression analysis. To gain further insight into the
inhibitory effect of CLA on hyphal growth, we performed
global gene expression profiling of cells grown in Spider me-
dium in the absence or presence of CLA for 90 min. Tran-
scriptional profiles of untreated cells at 37°C and CLA-treated
cells at 37°C and 30°C were obtained by independently com-
paring the levels for each experimental condition, i.e., 37°C,
37°C with CLA, and 30°C with CLA, to those for the control
condition, growth at 30°C. Each experiment was performed in
quadruplicate: RNA was prepared from four independent bi-
ological replicates and used to perform four independent hy-
bridizations (Fig. 3A). Only genes that were modulated 2-fold
up or down with a P value of 
0.05 were deemed significantly
differentially expressed. Data presented in Tables S1, S2, and
S3 in the supplemental material show the transcriptional pro-
files of each experimental condition compared to the control
condition. The transcriptional profiles of the experimental con-
ditions were then compared to one another, i.e., 37°C versus
37°C with CLA and 30°C with CLA versus 37°C with CLA,
resulting in two other transcriptional profiles (Tables S4 and
S5) and the scatter plots in Fig. S1A. All significantly differ-
entially expressed genes originating from the five transcrip-
tional profiles generated were organized by hierarchical cluster-
ing, yielding a global transcriptional profile of 714 modulated

FIG. 1. Conjugated linoleic acid (CLA) inhibits hyphal growth in
Candida albicans. (A) The effect of CLA on C. albicans hyphal growth
was measured by using the C. albicans reporter strain ZK3379. Cells
were induced to filament in Spider, Lee’s, and M199 (pH 8.0) media
supplemented with CLA (0 to 50 �M) for 4 h at 37°C. �-Galactosidase
activity in CLA-treated cultures was measured and normalized to that
of untreated cultures, in which �-galactosidase activity was set as
100%. Data are means and standard deviations of results from dupli-
cate assays performed on three independent days. (B) Aliquots of cells
grown in Spider medium in the absence or presence of 25 �M CLA for
4 h at 37°C were harvested and visualized at �100 magnification using
DIC optics. Bar � 10 �m. (C) Filamentous growth of C. albicans
SC5314 was induced on solid media supplemented with ethanol or 100
�M CLA. Plates were incubated at 37°C for 3 to 4 days.
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transcripts (Table S6 and Fig. S1B). The hierarchical clustering
revealed that 61 genes were downregulated under all three ex-
perimental conditions (Fig. S1B). Gene Ontology (GO) term
analysis revealed these genes were involved in RNA metabolic
processes, ribosome biogenesis, translation, and transcription, re-
flecting a repression of the translational machinery. These find-
ings suggest that experimental growth conditions, i.e., 37°C and
CLA treatment, are less favorable than control growth conditions,
i.e., 30°C, and result in a metabolic decrease (61).

We first chose to investigate the transcriptional profile of
cells grown in Spider medium at 37°C. Gene expression anal-
ysis showed that 520 genes were modulated upon growth at
37°C (see Table S1 in the supplemental material). Of those
genes, 198 were upregulated while 322 were downregulated.
Interestingly, �30% of the upregulated genes have been de-
scribed as being induced during the yeast-to-hypha transition
in Lee’s medium (34) (Table S1). Hypha-specific genes such as
ECE1, RBT1, IHD1, SOD5, HWP1, ALS3, and HGC1 were
highly induced (34, 61, 89). Genes involved in signal transduc-
tion, including the GTPase gene RAS1, the adenylate cyclase
gene CYR1, the mucin-like signaling protein gene MSB2, and
the Rho1p GTPase-activating protein (GAP) gene BEM2,
were also upregulated (Tables 3 and S1). In addition, several
transcription factors known to be involved in hyphal growth
were among the 198 upregulated genes and included CPH1,
CPH2, TEC1, BCR1, and UME6 (Table 3). These transcription
factors are components of the MAP kinase, the Ras1p-cAMP-
PKA, and the Tup1p-Nrg1p signaling pathways (1, 43, 50, 51,
55, 63, 88), except CPH2, which appears to function indepen-
dently of known signaling cascades (51). Other upregulated
genes encoded transcription factors Gat2p and Cas4p (34),
while orf19.6705 encodes a nucleotide exchange factor. Taken

together, the transcriptional profile of cells grown at 37°C
suggests that several signaling pathways participate in orches-
trating the hyphal growth program in Spider medium.

Next, we examined the responses of cells to CLA at 30°C and
37°C. We had designed the microarray experiments to be able
to distinguish between the transcriptional changes associated
with morphological differences induced by growth at 37°C and
those elicited specifically by the fatty acid. However, cultures of
C. albicans grown in Spider medium at 30°C still contained a
significant number of pseudohyphal cells (Fig. 3A), making it
impossible to fully eliminate morphogenesis as a variable.
Thus, transcriptional profiles of CLA’s effects at both temper-
atures turned out to be highly similar, as seen in the scatter plot
(see Fig. S1A in the supplemental material). Indeed, when the
transcriptional profiles of CLA-treated cells at 37°C and those
at 30°C were directly compared, only 33 genes were found to
be differentially modulated (see Table S5 in the supplemental
material), and many of these have previously been shown to be
temperature regulated (28). We thus focused our functional
analysis on the transcriptional profile of cells exposed to CLA
at 37°C compared to that of cells grown at 30°C. CLA treat-
ment resulted in the modulation of 296 transcripts (Table S2).
One hundred fifty-five genes were upregulated while 141 were
downregulated. GO-term analysis showed that upregulated
genes belong to the categories “unknown biological function”
(31%), “response to chemical stimulus” (17.4%), “carbohy-
drate metabolic processes” (16.8%), and “lipid metabolic pro-
cesses” (16.1%). Fatty acids are nonfermentable carbon
sources which are converted to acetyl-coenzyme A (acetyl-
CoA) by �-oxidation. Acetyl-CoA drives the glyoxylate cycle,
yielding oxaloacetate, which is converted to glucose via gluco-
neogenesis. Transcript levels of hallmark genes of the �-oxi-

FIG. 2. CLA impedes germ tube formation of Candida albicans without affecting cellular growth. (A) C. albicans SC5314 cells were induced
to filament in Spider medium at 37°C in the absence or presence of 25 �M CLA. Aliquots of cells were visualized as described for Fig. 1B. Bar �
10 �m. (B) Quantification of yeast, pseudohyphae, germ tubes (GT) and hyphae in C. albicans cultures shown in panel A. n was 
150 for each
condition and time point. (C) Yeast cells were grown as described for panel A at 30°C. OD600 was measured at various time points. Data are means
and standard deviations of results from duplicate biological samples.
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dation (FAA21, POX1, PXP2, POX1-3, ECI1, POT1, FOX2,
FOX3, PEX5, CAT2, and ANT1), glyoxylate (ICL1, MLS1, and
MDH1-3), and gluconeogenesis (FBP1) pathways increased in
the presence of CLA, which may reflect a flow of carbon from
fatty acids to acetyl-CoA to glucose. Most of these genes have
been described as being induced upon internalization of C.
albicans by macrophages (57) or by oleic acid (73). Genes
encoding glycolytic enzymes, including PGK1, PGI1, and
FBA1, were also upregulated in the presence of CLA, which
may suggest that both glycolysis and gluconeogenesis are oc-
curring simultaneously. In addition, a group of genes involved
in transport (15.5%), including TPO4, PDR16, CDR11, CDR4,
RTA3, and FLU1, were upregulated in the presence of CLA.
These genes encode transmembrane transporters which play
roles in phospholipid, fatty acid, or drug transmembrane trans-
port.

To address the mechanism of action of CLA, we compared
the transcriptional profiles of cells grown in the absence or
presence of CLA at 37°C. Gene expression analysis revealed
that 150 genes were significantly differentially expressed (see
Table S4 in the supplemental material). To facilitate data min-
ing, fold change ratios were generated by normalizing data
obtained for CLA-treated cells to that obtained for untreated
cells, resulting in 72 and 78 genes with upregulated (
2-fold)
and downregulated (
0.5-fold) fold change ratios, respectively
(Table S4). GO-term analysis revealed that the subset of 72
CLA-upregulated genes was enriched in genes implicated in
“lipid metabolic processes” (27.4%) and “transport” (15.1%).
Most of the genes involved in transmembrane transport, fatty
acid �-oxidation and peroxisome biogenesis, the glyoxylate cy-
cle, and gluconeogenesis were among the genes induced in
CLA-treated cells (Table S2) discussed in the previous section.
Because cells may be metabolizing CLA and converting it to
glucose, we examined whether the CLA-mediated inhibition of
hyphal growth was linked to fatty acid metabolism. To do so,
we analyzed the effect of CLA on filamentation of the fox2/
fox2, icl1/icl1, and ctf1/ctf1 mutant strains, which filament nor-
mally but cannot assimilate fatty acids (72, 73). CLA inhibited
hyphal growth in all three strains, suggesting that fatty acid
metabolism is not involved in the inhibition of filamentation
(data not shown).

Given that lipid metabolism was not impeding hyphal
growth, we focused on the subset of 78 CLA-downregulated
genes (see Table S4 in the supplemental material). GO-term

FIG. 3. Expression levels of selected differentially expressed genes.
(A) Transcriptional profiles of untreated cells at 37°C and CLA-treated
cells at 37°C and 30°C were obtained by independently comparing the
levels for each experimental condition, i.e., 37°C, 37°C with CLA, and
30°C with CLA, to those for the control condition, growth at 30°C. Four
biological replicates were used in each experiment, which included two
Cy3/Cy5 and two Cy5/Cy3 comparisons. Representative micrographs of
cells used in the microarray experiments are shown. Bar � 10 �m. Fold
change values are shown for hypha-specific genes (B) and genes involved
in signal transduction (C) in untreated and CLA-treated cells at 37°C. The
significantly differentially expressed genes were obtained by comparing
the transcriptional profile of cells at 37°C with that of CLA-treated cells at
37°C and are listed in Table S4 in the supplemental material. Data are
fold change values. EtOH, ethanol.

TABLE 3. Selected genes upregulated during the yeast-to-hypha transition in Spider medium

Systematic name Gene name Function Fold change

orf19.1187 CPH2 Transcriptional activator of hyphal growth 3.0
orf19.6705 Putative guanyl nucleotide exchange factor with Sec7p domain 2.9
orf19.4056 GAT2 Putative DNA-binding transcription factor 2.8
orf19.5908 TEC1 TEA/ATTS transcription factor involved in regulation of hypha-specific genes 2.7
orf19.1822 UME6 Transcription factor; required for wild-type hyphal extension 2.7
orf19.1693 CAS4 Protein of RAM cell wall integrity signaling network; role in cell separation;

required for hyphal growth
2.5

orf19.723 BCR1 Transcription factor required for wild-type biofilm formation 2.3
orf19.4433 CPH1 Transcription factor required for mating and hyphal growth on solid media 2.1
orf19.5148 CYR1 Adenylate cyclase 2.0
orf19.1760 RAS1 RAS signal transduction GTPase; regulates cAMP and MAP kinase pathways 2.1
orf19.1490 MSB2 Mucin family member, possible sensor of cell wall damage 3.4
orf19.6573 BEM2 Putative Rho1p GTPase-activating protein (GAP) 2.4
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analysis showed that genes involved in “filamentous growth”
(20.8%) and “pathogenesis” (16.9%) were among the subset of
CLA-downregulated genes. Indeed, the expression levels of
hypha-specific genes, including HWP1, ALS3, RBT1, ECE1,
HGC1, IHD1, HYR1, SAP5, and SOD5, were greatly reduced
in CLA-treated cells compared to the levels for untreated cells
(Fig. 3B and Table S4). CLA also blocked the induction of
transcription factors involved in hyphal growth, such as GAT2,
UME6, TEC1, and RFG1 (Fig. 3C). A smaller (5.2%) yet more
interesting category of CLA-downregulated transcripts was en-
riched in genes involved in signal transduction, such as RAS1,
BEM2, MSB2, and PTP3 (Fig. 3C). As seen in Table 3, tran-
script levels of these genes increased during the yeast-to-hypha
transition, except for PTP3 (Table S4). CLA either prevented
the induction or lowered the induction levels of RAS1, BEM2,
and MSB2. As for PTP3, which encodes a protein tyrosine
phosphatase, its transcript levels were repressed in CLA-
treated cells (Fig. 3C and Table S4). Taken together, the tran-
scriptional data suggest that CLA negatively affects the expres-
sion of hypha-specific genes as well as genes known to regulate
the yeast-to-hypha transition.

UME6 and RFG1 are not required for CLA-mediated inhi-
bition of hyphal growth. Gene expression analysis revealed
that CLA reduced the expression levels of genes encoding
regulators of hyphal growth, including TEC1, UME6, RFG1,
and RAS1 (Fig. 3C). To determine whether these regulators
were required for CLA’s effect on hypha formation, we exam-
ined the responses of the ume6/ume6 and rfg1/rfg1 mutant
strains to CLA when these strains were induced to filament in
Spider medium at 37°C. As seen in Fig. 4, CLA inhibited
hyphal growth in all parental strains. Interestingly, CLA inhib-
ited filamentation independently of UME6 and RFG1, indicat-
ing that neither gene is required for CLA’s inhibitory effect on
hyphal growth (Fig. 4). The ras1/ras1 and tec1/tec1 mutants
could not be analyzed in a similar fashion, since these strains
failed to filament in Spider medium as previously reported
(our observations and references 39, 53, and 90).

CLA downregulates TEC1 expression in a Ras1p-dependent
manner. Based on the previous screen, morphogenesis regu-
lators potentially mediating CLA’s effect on hyphal growth
were narrowed down to Ras1p and Tec1p, since both were
required for filamentation in Spider medium (data not shown).
In its active GTP-bound form, Ras1p activates the adenylate

cyclase Cyr1p, stimulating the cyclization of ATP to cAMP
(31). Upon binding cAMP, Bcy1p, the regulatory subunit of
PKA, releases the functionally redundant catalytic subunits
Tpk1p and Tpk2p, thereby enabling their activity (16). The
transcription factor Efg1p, an important regulator of hyphal
growth, is a downstream target of PKA (5). In addition, Efg1p
also regulates TEC1 expression (50). Thus, Tec1p constitutes a
downstream target of the Ras1p-cAMP-PKA pathway.

Gene expression analysis showed that CLA reduced TEC1
expression levels (Fig. 3C). Given that TEC1 is induced upon
the yeast-to-hypha transition, we examined how CLA affected
the kinetics of expression of TEC1. We performed a time
course analysis of TEC1 transcript levels in cells grown in
Spider medium in the absence or presence of CLA. As ex-
pected, TEC1 expression was induced in untreated cells during
the yeast-to-hypha transition (Fig. 5A). In contrast, TEC1
mRNA levels were downregulated by an average of 5-fold in
CLA-treated cells compared to the level for untreated cells,
thus confirming transcriptional profiling results. Similar trends
were also observed with the use of quantitative PCR analysis
(data not shown). Furthermore, Tec1p protein levels were
reduced in the presence of CLA, thus following the same
expression pattern as the TEC1 transcript (data not shown).

A possible role for the Ras1p-cAMP-PKA signaling pathway
in mediating CLA’s effect on TEC1 expression was then inves-
tigated. Northern blot analysis revealed that in Spider medium,
TEC1 induction was mostly Ras1p dependent (Fig. 5B and C).
Interestingly, the effect of CLA on TEC1 expression was re-
duced in the absence of RAS1. In the parental strain, TEC1
transcript levels decreased �10-fold in CLA-treated cells com-
pared to the level for untreated cells, while in the ras1/ras1
mutant strain, the downregulation reached only 1.5-fold (Fig.
5C). On the other hand, TEC1 induction in Spider medium
and its downregulation by CLA did not depend on the pres-
ence of either TPK1 or TPK2 (Fig. 5B and C). These results
may be explained by the functional redundancy of the two PKA
isoforms (6). Since Efg1p is a regulator of TEC1 expression, we
examined its role in mediating CLA’s effect on TEC1 mRNA
levels. Northern analysis revealed that TEC1 induction in Spi-
der medium depended partially on EFG1, as TEC1 transcript
levels were 1.7-fold lower in the efg1/efg1 mutant strain than in
the parental strain (Fig. 5B and C). However, EFG1 was not
required for CLA’s repressive effect on TEC1, as the magni-

FIG. 4. UME6 and RFG1 are not required for CLA-mediated hyphal growth inhibition. The DK318, CAI4, ume6/ume6 (DK312), and rfg1/rfg1
(DK129) strains were grown in Spider medium at 37°C in the absence or presence of 25 �M CLA for 4 h. Cells were visualized as described for
Fig. 1B. Bar � 10 �m.
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tudes of TEC1 downregulation by CLA (�2-fold) were similar
in parental and mutant strains (Fig. 5C). Additionally, it should
be noted that CLA did not modulate EFG1 mRNA and pro-
tein levels (data not shown). Taken together, these results
implicate RAS1, but not TPK1, TPK2, or EFG1, in mediating
CLA’s repressive effect on TEC1 expression.

CLA reduces GFP-Ras1p protein levels and affects its local-
ization. Transcriptional profiling showed that RAS1 expression
was upregulated 2.1-fold during the yeast-to-hypha transition
but that it was not induced in CLA-treated cells (Fig. 3C). We
examined CLA’s effect on RAS1 transcription at earlier time
points by performing a time course analysis of RAS1 mRNA
levels in cells grown in Spider medium in the absence or pres-
ence of CLA. Quantitative PCR analysis revealed that RAS1
transcript levels increased in untreated cells by an average of
2.7-fold, confirming results obtained by gene expression anal-
ysis (Fig. 6A). On the other hand, CLA completely abrogated
RAS1 induction, as its mRNA levels remained relatively un-
changed compared to levels at the zero time point (Fig. 6A).
We next investigated CLA’s effect on Ras1p protein levels and
localization using the WY-ZXD3 strain expressing a GFP-

Ras1 fusion protein previously developed for similar analyses
(90). We monitored GFP-Ras1p cellular levels in cells induced
to filament in Spider medium in the absence or presence of
CLA. In untreated cells, GFP-Ras1p levels increased gradu-
ally, as did its mRNA levels (Fig. 6B). Unexpectedly, in CLA-
treated cells, GFP-Ras1p levels declined with time, as seen at
the 90-min time point (Fig. 6B). Thus, GFP-Ras1p did not
follow the same pattern as its transcript, which remained con-
stant (Fig. 6A). Taken together, these results suggest that CLA
treatment reduces the steady-state levels of GFP-Ras1p.

We then examined GFP-Ras1p localization in untreated and
CLA-treated cells. To facilitate comparisons, we examined
GFP-Ras1p in yeast cells grown in Spider medium in the ab-
sence or presence of CLA at 30°C. Under such conditions, the
GFP-Ras1p expression patterns were identical to those at
37°C, arguing that CLA’s effect on GFP-Ras1p levels was not
temperature dependent (data not shown). As seen in Fig. 6C
(top panel), untreated cells demonstrated a strong fluorescent
signal at the plasma membrane, confirming previous observa-
tions (90). Additionally, GFP-Ras1p could be seen in punctate
patches within cells, especially at the 30-min time point. In

FIG. 5. TEC1 downregulation by CLA is Ras1p dependent. (A) Quantitative Northern blot analysis was used to examine the kinetics of
expression of TEC1 in SC5314 cells grown in Spider medium at 37°C in the absence or presence of 100 �M CLA. TEC1 transcript levels were
quantified and normalized to those for the ACT1 loading control. Ratios were obtained by normalizing TEC1 transcript levels to those for
untreated cells obtained at the 30-min time point, which were set as 100%. (B) TEC1 expression levels in the parental, ras1/ras1 (CDH107),
tpk1/tpk1 (IIHB6), tpk2/tpk2 (TPO7.4), and efg1/efg1 (HLC52) strains grown as described for panel A for 90 min. TEC1 transcript levels were
quantified and normalized to those for the ACT1 loading control. (C) Data presented are the relative TEC1 expression levels obtained by
normalizing TEC1 transcript levels to those for parental untreated cells, which were set as 100%. Data are means and standard deviations of results
from two independent hybridizations performed on duplicate biological samples. A single hybridization was performed using RNA isolated from
the CAI4 and efg1/efg1 strains.
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contrast, GFP-Ras1p could barely be detected at the plasma
membrane in CLA-treated cells. Instead, the fluorescent signal
appeared diffuse throughout the cytoplasm or concentrated in
patches within cells (Fig. 6C). Moreover, the “patch” pheno-
type was maintained, becoming more obvious at later time
points (data not shown). These findings indicate that CLA

causes the delocalization of GFP-Ras1p from the plasma mem-
brane.

CLA affects the Tup1p-Nrg1p signaling pathway. It has been
established that the MAP kinase, Ras1p-cAMP-PKA, and
Tup1p-Nrg1p signaling pathways make independent contribu-
tions to filamentation (9). The hyphal growth repressor Tup1p
functions with the DNA-binding proteins Nrg1p and Rfg1p to
negatively regulate hyphal growth and hyphal gene expression
(8, 10, 42, 46, 59). Given that Tup1p and Nrg1p are involved in
mediating the inhibitory effect of farnesol on filamentation
(45), their role in the CLA-mediated hyphal growth inhibition
was then investigated. We examined the responses of the tup1/
tup1 and nrg1/nrg1 mutant strains to CLA when these strains
were induced to filament in Spider medium at 37°C. While
CLA inhibited hyphal growth in the parental strain CAI4, the
tup1/tup1 and nrg1/nrg1 mutant strains remained filamentous,
even when higher CLA concentrations were used (Fig. 7A).
This indicates that CLA, like farnesol, inhibits filamentation by
affecting a pathway requiring Tup1p and Nrg1p.

TUP1 and NRG1 are modulated at the transcriptional level
upon the yeast-to-hypha transition (10, 45). According to tran-
scriptional profiling, TUP1 and NRG1 were not significantly
differentially expressed in response to CLA, but this could be
due to their low expression levels. Thus, we assessed how CLA
affected the kinetics of expression of TUP1 and NRG1. Quan-
titative PCR revealed that TUP1 and NRG1 transcript levels
decreased �2-fold during the 90-min time course in untreated
cells (Fig. 7B). In contrast, CLA prevented the downregulation
of both repressors, as TUP1 and NRG1 mRNA levels remained
unchanged compared to initial levels. These findings suggest
that CLA may inhibit hyphal growth by preventing the relief of
repression exerted by the Tup1p-Nrg1p pathway.

DISCUSSION

While efforts have been put forth to elucidate the molecular
mechanisms underlying the yeast-to-hypha transition in Can-
dida albicans, small molecules affecting the morphogenetic
switch have been identified in concurrent studies. Our findings
have enabled us to add CLA to the growing list of molecules
that modulate hyphal growth, which includes farnesol, dode-
canol, fatty acids and lipid metabolites, rapamycin, and
geldanamycin as well as histone deacetylase inhibitors (2, 19,
23, 37, 40, 45, 60, 68, 79). CLA was effective at inhibiting
hyphal growth in most hypha-inducing media (Fig. 1). How-
ever, its inhibitory activity was significantly reduced in media
containing FBS or N-acetylglucosamine, in RPMI 1640, or
upon embedding of cells in YP medium (data not shown). The
medium-dependent inhibitory effect of CLA on hyphal growth
may be due to the nature or robustness of hypha-inducing
signals, to the enhanced growth capacity of nutritionally rich
media (61, 83), to the nonspecific lipid-binding capacity of
serum albumin in FBS (52), or to the poor solubility of CLA in
aqueous media (73).

Is CLA directly inhibiting filamentation or is this effect me-
diated by one of its metabolites? Fatty acids are nonferment-
able carbon sources metabolized by C. albicans to acetyl-CoA
and to glucose via �-oxidation, the glyoxylate cycle, and glu-
coneogenesis (57). Hallmark genes of these three biochemical
pathways were upregulated in CLA-treated cells (see Tables

FIG. 6. CLA reduces GFP-Ras1p protein levels and affects its lo-
calization. (A) SC5314 cells were grown in Spider medium at 37°C in
the absence or presence of 25 �M CLA and harvested at the indicated
time points. Transcript levels of RAS1 were measured by quantitative
PCR and normalized to those for ACT1. Relative expression levels
were obtained by normalizing data for each time point to data obtained
at time zero. Data are means and standard deviations for duplicate
biological samples. (B) Ras1p protein levels were analyzed using a
strain expressing GFP-Ras1p. Total protein extracts were prepared
from SC5314 (mock) and GFP-Ras1p (WY-ZXD3) strains grown as
described for panel A in the absence or presence of 100 �M CLA.
Western blotting was performed using anti-GFP antibodies. Gsp1p,
shown as a loading control, was detected using antibodies raised
against S. cerevisiae Gsp1p. Molecular masses (kDa) are indicated on
the left. (C) GFP-Ras1p-expressing cells were grown in Spider medium
at 30°C in the absence or presence of 100 �M CLA. Aliquots of cells
were removed and examined directly at �100 magnification using
epifluorescence.
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S2 to S4 in the supplemental material), suggesting that CLA
was possibly being converted to glucose. We ruled out that
fatty acid metabolism was involved in the CLA-mediated hy-
phal growth inhibition by confirming that CLA blocked fila-
mentation of the fox2/fox2, icl1/icl1, and ctf1/ctf1 mutant
strains, which are unable to metabolize fatty acids (72, 73; data
not shown). However, fatty acids are not only metabolized via
�-oxidation, they can also be derived into oxygenated lipid
metabolites. In C. albicans, arachidonic acid was shown to be a
precursor for the production of 3,18-dihydroxy-5,8,11,14-eico-
satetraenoic acid (3,18-di-HETE), an eicosanoid found exclu-
sively in hyphae which was suggested to play a role in morpho-
genesis (25). Fatty acids such as linoleic and arachidonic acids
are also derived into prostaglandins and leukotrienes, which
reportedly affect hyphal development (29, 67). Indeed, prosta-
glandin E2 and thromboxane B2 were shown to enhance the
yeast-to-hypha transition (44, 68, 69). Thus, while our results
demonstrate that molecules derived from CLA’s metabolism
played no role in the CLA-mediated hyphal growth inhibition,
we cannot exclude the possibility that oxygenated CLA deriv-
atives may be involved in the effect.

We used global gene expression profiling as a means to
investigate the transcriptional profile of cells induced to fila-
ment in the presence of CLA. Temperature shift in Spider
medium promotes a hyphal growth program similar to the one
induced upon filamentation in Lee’s medium (see Table S1 in
the supplemental material) (34). Spider and Lee’s media have
similar compositions, containing a source of fermentable car-
bon (mannitol or glucose), various amino acids, and salts,
which may explain why the two transcriptional profiles were

similar. Transcript levels of hypha-specific genes, such as
ECE1, ALS3, and HYR1, and of several key regulators of
hyphal growth, including CPH1, CPH2, TEC1, BCR1, UME6,
GAT2, RAS1, and CYR1, increased during filamentation in
Spider medium (Tables 3 and S1). However, the induction
levels of several of these genes were lower than in other studies
(34, 61). This discrepancy may have been due to hypha-induc-
ing signals being weaker in Spider medium or to filamentation
being somewhat induced under our control condition (Fig.
3A). Nonetheless, the transcriptional data indicated roles for
the Ras1p-cAMP-PKA, the MAP kinase, the CPH2-TEC1, and
the Tup1p-Nrg1p signaling pathways. These results confirmed
that hyphal growth in Spider medium is regulated by a network
of known signaling pathways which are activated simultane-
ously and converge (or do not converge) onto many of the
same target transcription factors (4, 9, 12).

Comparing the transcriptional profiles of untreated and
CLA-treated cells revealed that CLA affected the expression of
genes encoding signal transducers and transcription factors,
including RAS1, TEC1, UME6, and RFG1 (Fig. 3C). We ex-
amined CLA’s effect on hyphal growth in strains deleted for
each of these genes and showed that UME6 and RFG1 were
dispensable for CLA-mediated inhibition of filamentation
(Fig. 4). Similar conclusions for RAS1 and TEC1 could not be
drawn, as both genes are required for hyphal growth in Spider
medium (our observations and references 39, 53, and 90).
Given that TEC1 lies downstream of the Ras1p-cAMP-PKA
signaling pathway, we showed that CLA decreased TEC1 ex-
pression levels in a mostly Ras1p-dependent manner (Fig. 5B
and C). Unexpectedly, while TEC1 induction was partially

FIG. 7. CLA affects the Tup1p-Nrg1p signaling pathway. (A) The CAI4, tup1/tup1 (BCa2-10), and nrg1/nrg1 (BCa23-3) strains were grown in
Spider medium at 37°C in the absence or presence of 25 �M CLA for 4 h. Aliquots of cells were harvested and visualized at �100 magnification
by DIC optics. Bar � 10 �m. (B) C. albicans SC5314 cells were grown as described for panel A and harvested at the indicated time points.
Transcript levels of TUP1 and NRG1 were measured as described for Fig. 6A.
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Efg1p dependent, CLA downregulated TEC1 mRNA levels
independently of EFG1 (Fig. 5B). These results demonstrated
that CLA inhibited filamentation by affecting the Efg1p-inde-
pendent branch of the Ras1p signaling pathway. Likewise, the
Hsp90p inhibitor geldanamycin was shown to modulate hyphal
growth by affecting the Ras1p-cAMP-PKA signaling pathway
independently of Efg1p (79).

Transcriptional profiling further revealed that CLA affected
RAS1 expression (Fig. 3C). Indeed, CLA blocked the increase
in RAS1 transcript levels, which occurred upon the yeast-to-
hypha transition (Fig. 6A). Quite unexpectedly, while RAS1
mRNA levels remained constant in CLA-treated cells, GFP-
Ras1p levels declined gradually (Fig. 6B). CLA also affected
localization of GFP-Ras1p to the plasma membrane (Fig. 6C).
Decreased GFP-Ras1p levels could be due to a decrease in its
mRNA translation or to its degradation. However, several
lines of evidence indicate that Ras delocalization results in its
degradation and ultimately reduces its cellular levels. For in-
stance, in Saccharomyces cerevisiae, a mutant Ras2p protein
that could not be targeted to the membrane had lower cellular
levels than the wild-type protein (24). Furthermore, farnesyl-
thiosalicylic acid treatment was shown to dislodge Ras from
the membrane and induce its degradation, resulting in lower
Ras levels (35). In light of our findings, we can only speculate
that the reduced GFP-Ras1p steady-state levels seen in CLA-
treated cells stem from the protein being delocalized from the
plasma membrane.

Several reasons may account for CLA’s effect on GFP-
Ras1p localization. First, the fatty acid may interfere with the
posttranslational modifications of GFP-Ras1p. Ras proteins
are modified by the addition of C-terminal lipids, such as
farnesyl and palmitoyl moieties (84). Such modifications are
involved in membrane association and subcellular localization,
which are critical for Ras biological activities. Posttranslational
modifications of Ras also play a role in filamentation in C.
albicans, as compounds that prevent Ras prenylation were
shown to inhibit hyphal growth (58). Second, CLA may also
affect GFP-Ras1p localization by modifying the lipid compo-
sition of membranes. By being incorporated into membrane
phospholipids, unsaturated fatty acids such as CLA may alter
membrane structure and function, influencing the interaction
of resident proteins with the plasma membrane (17). For in-
stance, the polyunsaturated fatty acid docosahexaenoic acid
(DHA) was shown to decrease membrane association of Ras
by weakening its interactions with phospholipid acyl chains (21,
78). Interestingly, DHA also affected GFP-Ras1p localization
to the plasma membrane in C. albicans (data not shown). The
upregulation of RTA3 transcript levels in CLA-treated cells
may be genetic evidence that the fatty acid is modifying mem-
brane lipid composition (see Tables S2 to S4 in the supple-
mental material). Indeed, the S. cerevisiae RTA3 homologue
(RSB1) was shown to be induced when plasma membrane
glycerophospholipid asymmetry was altered (41). Nonetheless,
further studies are warranted to address the underlying mech-
anism by which CLA exerts its effect on GFP-Ras1p membrane
localization.

The biological activity of Ras is dictated by its subcellular
localization. In S. cerevisiae, the farnesylated, membrane-
bound form of Ras2p is approximately 100 times more effective
in activating adenylate cyclase than its cytoplasmic form (49).

Thus, it is tempting to suggest that CLA modulates the Ras1p
signaling pathway by affecting the localization of Ras1p to the
plasma membrane (Fig. 6C) and by abrogating the increases in
RAS1 mRNA and protein levels (Fig. 6A and B). CLA would
prevent the activation of the Ras1p pathway, resulting in the
downregulation of TEC1 expression levels and inhibiting hy-
phal growth in C. albicans (Fig. 8). Additionally, CLA may also
inhibit hyphal growth by preventing the relief of repression
exerted by the Tup1p-Nrg1p pathway (Fig. 7B). Because the
hyphal growth program is controlled by a network of signaling
pathways, we expect the effect of CLA, like that of farnesol, to
be multifactorial, in that the fatty acid could affect more than
one signaling pathway (52). Nonetheless, our findings that
CLA modulates RAS1 mRNA and protein levels in C. albicans
demonstrate the broad-spectrum therapeutic properties of
CLA, as the Ras pathway regulates filamentous growth and
virulence in other fungi (26).
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